Background: Serum amyloid A is expressed in the liver in acute-phase inflammation. Results: Saa1 regulates the expression of chemokines and activation of T cells in T cell-mediated hepatitis. Conclusion: Overexpression of Saa1 aggravates hepatitis via the induction of chemokine expression by the TLR2 signaling pathway. Significance: Saa1 might be a novel inflammatory factor as a chemokine modulator in hepatitis.
Serum amyloid A is a proinflammatory molecule that induces leukocyte infiltration and promotes neutrophil adhesion to endothelial cells under inflammatory conditions. The aim of this study was to examine whether Saa1 aggravates T cell-mediated hepatitis by inducing chemokines in a liver-specific, Saa1
overexpressing, transgenic (TG) mouse model. We generated TG mice in which Saa1 was overexpressed specifically in liver tissue. The chemokines monocyte chemotactic protein 1 (MCP1), MIP1␣, MIP1␤, interferon ␥-induced protein 10 (IP-10), and eotaxin were induced in Saa1 TG mice. After concanavalin A treatment, Saa1 expression was higher in Saa1 TG mice than in WT mice. More severe liver injury, increased hepatocyte apoptosis, and higher levels of hepatic enzymes were observed in Saa1 TG mice than in WT mice. Liver infiltration of CD4 ؉ T cells and macrophages increased after inducing hepatitis. Activation of T cells was higher in Saa1 TG mice than in WT mice, and the populations of Th17 cells and regulatory T cells were altered by overexpressing Saa1 in TG mice. Secretion of various cytokines, such as interferon ␥, tumor necrosis factor ␣, and interleukin 6, increased in Saa1 TG mice. Injecting a Tolllike receptor 2 (TLR2) antagonist in vivo inhibited chemokine expression and IB␣ phosphorylation and showed that the induction of chemokines by Saa1 was dependent on TLR2.
Hepatic Saa1 accelerated T cell-mediated hepatitis by inducing chemokine production and activating T cells by TLR2. Therefore, Saa1 might be a novel inflammatory factor that acts as a chemokine modulator in hepatitis.
Hepatitis can be caused by various factors, including drugs, alcohol, chemicals, viruses, genetic factors, and the immune response. The disease represents a major public health problem. In most cases, including autoimmune hepatitis, viral hep-atitis, primary biliary cirrhosis, and primary sclerosing cholangitis, hepatitis is caused by activated T cells that infiltrate and destroy the liver parenchyma, leading to liver injury (1) .
Concanavalin A (ConA) 3 is a lectin originally purified from Canavalia brasiliensis. It has specific sugar binding sites that can bind to ␣-D-mannoside, methyl ␣-D-mannopyranoside, ␣-D-glucose, and methyl-␣-D-glucose (2) . ConA-induced hepatitis is a well known mouse model of T cell-mediated hepatitis. After intravenous injection, ConA binds to mannose receptors on the surface of sinusoidal endothelial cells, leading to breakdown of the sinusoidal endothelial cell membrane, bleb formation, and disappearance of the cytoplasm (3). ConA induces systemic immune activation and acute liver damage. CD4 ϩ T helper cells detect MHC class II and T cell receptors on Kupffer cells modified by ConA, resulting in their activation (4) . These activated T cells play an important role in ConA-induced hepatitis. Differentiated T cells infiltrate the damaged liver tissue and secrete various cytokines, such as interferon IFN-␥, TNF-␣, and IL-6. T cells, natural killer cells, and macrophages have the capacity to induce hepatocyte apoptosis and necrosis by interacting with one another.
Serum amyloid A (SAA) is an acute-phase response protein. Three SAA isoforms have been reported in mice. Saa1 and Saa2 isoforms are mainly expressed by hepatocytes, whereas the Saa3 isoform has been found to be induced in various tissues during inflammation (5, 6) . Under acute inflammatory conditions, such as infection, tissue damage, inflammation, and cancer, Saa1 and Saa2 are similarly induced, and serum SAA levels increase as much as 1000-fold (6) . Induction of the genes encoding SAA1 and SAA2 during inflammation is triggered by elevated secretion of proinflammatory cytokines, such as IL-6 and TNF-␣, into the circulation and in hepatic cells (7, 8) . SAA functions as a proinflammatory mediator at the site of inflammation by inducing chemotaxis in neutrophils, monocytes, and T cells, promoting leukocyte infiltration and neutrophil adhesion to endothelial cells (9, 10) as well as stimulating neutrophils and monocytes to release cytokines (11, 12) , chemokines (13) , and matrix metalloproteinase (14) . These findings suggest a major role for SAA in the establishment and maintenance of inflammation.
Chemokines are small proteins with chemotactic properties. Almost 50 chemokines have been identified (15) . These proteins provide migratory signals to immune cells (16) . Chemokine expression is up-regulated in areas of tissue injury, and their increased expression leads to infiltration of immune cells such as lymphocytes, neutrophils, and monocytes. Chemokines and chemokine receptors play critical roles in liver diseases such as hepatitis (17) (18) (19) . Chemokines are secreted from immune cells and primary cells, including hepatocytes, Kupffer cells, and endothelial cells (20) .
We investigated the relationship between Saa1 and ConAinduced hepatitis using Saa1-overexpressing transgenic (TG) mice. Induction of chemokines by Saa1 increased hepatocyte necrosis and apoptosis, liver injury, proinflammatory cytokine levels, and T cell activation. Therefore, Saa1 might be a novel proinflammatory chemokine modulator in hepatitis.
EXPERIMENTAL PROCEDURES
Generation of Transgenic Mice-The full-length open reading frame of mouse Saa1, containing SalI and NotI sites at either end, was cloned into the pCl-neo vector under the control of the albumin promoter and enhancer. The expression cassette, which was subcloned into the vector by digestion with restriction enzymes and subsequent ligation, was used to produce transgenic mice following the methods described previously in detail by Hogan et al. (21) . The offspring produced by mating these transgenic founder mice were genotyped by PCR analysis using DNA extracted from tail lysates as the template. Animals were raised and maintained under conventional conditions in a room with a 12-h light/dark cycle, a controlled temperature of 25°C, and 50% humidity. Animals were given free access to food and water. All animal experiments were carried out in accordance with the guidelines for animal experimentation and with permission from the Animal Use and Care Committee of Kyungpook National University.
Animal Experiments-For ConA-induced hepatitis, agematched, 7-to 10-week-old C57BL/6J mice and Saa1-overexpressing TG mice were injected intravenously with 10 mg/kg ConA (Sigma-Aldrich, St. Louis, MO). Control mice were injected with the same volume of PBS. For inhibition of TLR2 in vivo, mice were injected intraperitoneally with 3 mg/kg CU-CPT22, a TLR2 inhibitor (Calbiochem, Billerica, MA) (22) .
Assessment of Hepatotoxicity-At 0, 6, and 24 h after ConA injection, blood was collected from the eye. Serum was harvested after centrifugation at 10,000 ϫ g for 10 min at 4°C. The concentrations of ALT and AST in serum were measured using a Hitachi 704 autoanalyzer (Hitachi, Tokyo, Japan).
Histological Analysis-Mice were sacrificed after 24 h of ConA treatment. Livers were fixed with 4% (w/v) paraformaldehyde solution for 2 days and embedded in paraffin. Tissue sections (5-m-thick) were stained with H&E or TUNEL staining using an in situ cell apoptosis detection kit (Trevigen, Gaithersburg, MD). For semiquantitative analysis, the number of TUNEL-positive cells was counted in three randomly selected fields of view in a non-necrotic area at a magnification of ϫ100 and ϫ200. The average number of cells counted in each group was presented.
Western Blot Analysis-Twenty-four hours after ConA injection, Saa1 protein levels were measured in liver and spleen extracts. Livers and spleens were isolated from mice after sacrifice and immediately placed in PRO-PREP protein extraction solution (iNtRON, Seoul, Korea). The samples were homogenized on ice by using a homogenizer and then centrifuged at 10,000 ϫ g for 20 min at 4°C. Supernatants containing 50 g of protein were resolved by 10% SDS-PAGE and then transferred to nitrocellulose membranes. The membranes were incubated with goat-anti mouse Saa1 (R&D Systems, Minneapolis, MN), IB␣, and phosphorylated IB␣ (Ser-32/36) (Cell Signaling Technology, Danvers, MA), and mouse monoclonal ␤-actin (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies, followed by HRP-conjugated anti-goat IgG and anti-mouse IgG antibodies (Santa Cruz Biotechnology).
FACS Analysis-Single cell suspensions were prepared from the livers and spleens, from which blood was eliminated by perfusion of the heart with saline solution, and then treated with red blood cell lysis solution (0.15 M NH 4 Cl and 0.1 mM Na 2 EDTA) for 5 min at 4°C to eliminate erythrocytes. To isolate mononuclear cells, single cell suspensions were mixed with Percoll (Sigma-Aldrich), and the mixtures were centrifuged. CD4 ϩ T cells were positively isolated to more than 95% purity by using anti-CD4 monoclonal antibody-coupled magnetic cell sorting microbeads (Miltenyi Biotech, San Diego, CA). Cells were stained with fluoro-conjugated anti-mouse CD4, CD69, CD25, IL-17, FoxP3, and CXCR5 antibodies and then analyzed on a FACScan flow cytometer (BD Biosciences) using Cell-Quest software (BD Biosciences).
ELISA-At 0, 6, and 24 h after ConA injection, cytokine levels were measured in the serum, which was collected as described above for the assessment of hepatotoxicity. ELISA kits (R&D Systems) for mouse TNF-␣, IFN-␥, IL-6, and IL-10 were used according to the instructions of the manufacturer.
Quantitative Real-time PCR-Quantitative real-time PCR was performed using a StepOnePlus PCR system (Applied Biosystems, Foster City, CA). Total RNA was isolated from the liver, lung, kidney, intestine, white adipose tissue, and ankle. Tissue was harvested, frozen in liquid nitrogen, and ground into a fine power. TRIzol reagent (Ambion, Austin, TX) was used according to the instructions of the manufacturer. Total RNA was reverse-transcribed at 60°C for 1 h by using TOPscript TM RT DryMIX (Enzynomics, Seoul, Korea). The ␤-actin gene was used as an internal control for quantification. mRNA levels were expressed as the -fold change in expression relative to expression in untreated control mice.
Statistical Analysis-The results were expressed as mean Ϯ S.E. of at least three independent experiments. The significance of the differences between groups was calculated using twotailed Student's t test. Differences with a p value of less than 0.05 were considered statistically significant. Therefore, we created TG mice using an albumin promoter and enhancer to drive liver tissue-specific overexpression of Saa1 (Fig. 1A) . We screened TG mice using genomic polymerase chain reaction with one primer pair (albumin-F and Saa1-R) ( Fig. 1B) . Livers from 6-week-old WT and TG mice were isolated to determine Saa1 protein expression by Western blot analysis. Saa1 expression was higher in the livers of TG mice than in any other tissue (Fig. 1C) . These results demonstrate the successful generation of TG mice with liver-specific overexpression of Saa1.
Saa1 Induces Expression of Various Chemokines in the Liver-We selected mice with the highest Saa1 expression and used them for all experiments. Saa1 has a critical role in inflammation-related cells such as macrophages, T cells, and neutrophils (9, 11, 13) . However, no in vivo evidence exists to support the role of Saa1 as a chemokine inducer in the liver. Therefore, we assessed the expression of various chemokines to determine the role of Saa1 in chemokine induction. The mRNA expression of MCP-1, MIP-1␣, MIP1␤, IP-10, and eotaxin was higher in the livers of Saa1 TG mice than in those of WT mice (Fig. 1D) .
These results indicate that Saa1 overexpression induces hepatic chemokine expression.
Expression of Saa1 Is Induced in ConA-induced Hepatitis-Two studies have reported that the levels of SAA were increased in hepatitis (23, 24) . To determine whether Saa1 expression was altered in ConA-induced hepatitis, we induced hepatitis by injecting ConA into WT and TG mice. After 24 h, the liver was harvested, and Saa1 expression was determined. The increase in Saa1 expression was greater in TG mice than in WT mice ( Fig. 2A) . These results demonstrate that ConA-in-FIGURE 1. Saa1-overexpressing transgenic mice were generated using a liver-specific promoter and expressed various chemokines. A, we used an albumin enhancer and promoter to induce liver-specific expression of Saa1. B, to identify potential transgenic mice, total genomic DNA, extracted from tail biopsy specimens from 6-week-old pups, was screened with PCR using the primer pair albumin-F and Saa1-R. P, positive control (vector used for template); N, negative control (no vector). C, Saa1 protein was detected in the livers of WT and Saa1 TG mice by Western blot analysis. ␤-actin was used as a loading control. D, the mRNA expression of the chemokines MCP1 (CCL2), MIP1␣ (CCL3), MIP1␤ (CCL4), Rantes (CCL5), IP-10 (CXCL10), and eotaxin (CCL11) in the livers of WT and Saa1 TG mice was detected by real-time PCR. ␤-actin was used as a control for normalization. *, p Ͻ 0.05; **, p Ͻ 0.01 versus WT control. WT, C57BL/6 wild-type mice; TG, Saa1-overexpressing transgenic mice.
duced hepatitis increases Saa1 expression in the liver of WT mice and induces a greater increase in Saa1 expression in TG mice.
Saa1 Promotes Liver Injury, Necrosis, and Apoptosis in Hepatitis-We examined the area of liver injury with H&E) staining 24 h after ConA injection. The necrotic area was larger in liver sections from ConA-treated Saa1 Tg mice than in those from ConA-treated WT mice. Infiltration of mononuclear cells was greater in the livers of Saa1 TG mice than in the livers of WT mice (Fig. 2B ). We performed a TUNEL assay to detect apoptotic cells in the liver. Apoptosis of hepatocytes was increased in both necrotic and non-necrotic areas of the liver sections obtained from TG mice. The increase in the number of TUNEL-positive cells in non-necrotic areas indicated a higher rate of apoptosis in TG mice than in WT mice (Fig. 2C) . These results indicate that increased Saa1 expression induced extensive liver injury and promoted apoptosis in ConA-induced hepatitis.
Saa1 Increases Expression of Aspartate Aminotransferase (AST) and Alanine Aminotransferase (ALT) as well as Secretion of Proinflammatory Cytokines during Hepatitis-ALT and AST
were detected a little in the liver under normal conditions. However, both of these markers were expressed in injured liver following ConA injection. We measured serum AST and ALT to evaluate liver injury 0, 6, and 24 h after ConA injection. The levels of AST and ALT were higher in Saa1 TG mice than in WT mice (Fig. 3A) . Because cytokines orchestrate hepatitis (25) , their serum levels in WT and TG mice were examined by ELISA 0, 6, and 24 h after ConA injection. At 6 h after ConA injection, the increase in the secretion of proinflammatory cytokines, including IFN-␥, TNF-␣, and IL-6, was greater in Saa1 TG mice than in WT mice. The anti-inflammatory cytokine IL-10 tended to be increased following ConA injection in both WT and TG mice. However, the differences were not significant (Fig. 3B) . These results indicate that increased Saa1 expression induces liver enzyme expression and contributes to the increased secretion of proinflammatory cytokines during hepatitis.
Saa1 Recruits T Cells and Macrophages during Hepatitis-Because chemokine expression was induced in Saa1 TG mice (Fig. 1D ), we performed a FACS analysis to determine the role of chemokines during immune cell infiltration in the liver. Mononuclear cells were isolated from the liver after heart perfusion with saline solution. Infiltration of CD4 ϩ T cells and F4/80 ϩ CD11b ϩ macrophages was greater in the livers of Saa1 TG mice than in those of WT mice (Fig. 4) . These results indicate that the induction of chemokines by Saa1 affects the infiltration of immune cells, such as T cells and macrophages, into the liver.
Saa1 Modulates T Cell Activation by Balancing Th17 and Regulatory T (Treg) Cells-T cell activation was assessed by flow cytometry by using antibodies against CD25 and CD69, which are markers of activated T cells. After ConA injection, the number of CD69 ϩ or CD25 ϩ among CD4 ϩ T cells in the liver was higher in Saa1 TG mice than in WT mice (Fig. 5, A and B) . We performed a FACS analysis to detect IL-17 and FoxP3, markers of Th17 and Treg cells, respectively, which contribute to T cell activation. The number of IL-17 ϩ CD4 ϩ CD25 ϩ cells was higher in the liver and spleen of Saa1 TG mice than in those of WT mice, but the number of FoxP3 ϩ CD4 ϩ CD25 ϩ cells was lower in Saa1 TG mice (Fig. 5, C and D) . These results indicate that overexpression of Saa1 increases T cell activation by regu-lating the differentiation of Th17 and Treg cells, consistent with the promotion of inflammation in the liver.
Induction of Chemokines by Saa1 Occurs in a TLR2-dependent Manner-An interaction between TLR2 and Saa1 has been reported (26) . We used a TLR2 antagonist in Saa1 TG mice to determine whether the induction of chemokines by Saa1 in hepatocytes involved TLR2. 16 h after injection of the TLR2 antagonist, MIP1␣ and eotaxin mRNA levels were decreased in TLR2 antagonist-treated Saa1 TG mice (Fig. 6A) . The NFB pathway, which is downstream of TLR2 signaling, is activated by the phosphorylation and subsequent degradation of IB␣. 2 h after the injection of a TLR2 antagonist, the phosphorylation of IB␣ was decreased in TLR2 antagonist-treated Saa1 TG mice (Fig. 6B) . These results demonstrate that the induction of chemokines by Saa1 is mediated by the TLR2-dependent NFB pathway.
DISCUSSION
The ConA injection method to induce T cell-mediated hepatitis is a well known mouse disease model. However, little is known about the mechanism by which Saa1 contributes to the progression of T cell-mediated hepatitis. Our results demonstrate that, following ConA injection, Saa1 TG mice had larger areas of liver injury and higher levels of ALT and AST, which are indicators of liver injury, compared with the same measurements made in WT mice. In addition, Saa1 overexpression increased the infiltration of T cells and macrophages, promoted T cell activation, modulated the balance between Th17 and Treg cells, and induced the secretion of proinflammatory cytokines such as TNF-␣, IFN-␥, and IL-6. Therefore, we suggest that Saa1 has a possible role in aggravating T cell-mediated hepatitis. A recent study found that virus-infected patients had increased serum SAA levels (23) . In the case study of a woman with alcoholic liver cirrhosis, an existing liver nodule was diagnosed as SAA-positive by immunohistochemistry (27) . These studies suggest that hepatitis might lead to increased SAA expression and that SAA can exacerbate hepatitis. However, other studies have reported that SAA has antiviral activity against hepatitis C virus infection in cultured cells, which it exerts by binding hepatitis C virions and specifically blocking hepatitis C virus entry (28, 29) . Therefore, further study is needed to determine the correlation between SAA1 expression and various forms of hepatitis, such as viral hepatitis, autoimmune hepatitis, and primary biliary cirrhosis, and to establish the role of Saa1 in hepatitis.
Chemokine expression in injured areas of the liver promotes immune cell infiltration (17) (18) (19) . Our results also show that Saa1 overexpression induced MCP-1, MIP-1␣, MIP-1␤, eotaxin, and IP-10 mRNA expression in the livers of TG mice. MIP-1␣ acts as a proinflammatory factor in T cell-mediated hepatitis by recruiting CD4 ϩ T cells (19) , and IP-10 is expressed by hepatocytes during hepatitis (30) . Chemokines bind CC and CXC chemokine receptors to induce signal transduction. The function of CCR5, a MIP-1␣ and MIP-1␤ receptor, has been reported in hepatitis (18, 31) . The function of CXCR3, an IP-10 receptor, has also been reported in hepatitis (32) (33) (34) . Further studies are needed to examine the relationship between chemokine receptors and chemokine induction by SAA1.
Here we showed that overexpression of Saa1 exacerbated liver injury by increasing T cell activation. The numbers of CD4 ϩ CD25 ϩ and CD4 ϩ CD69 ϩ T cells, which express markers of T cell activation, were increased in Saa1 TG mice compared with those observed in WT mice. The number of IL-17 ϩ cells was increased in the population of activated T cells. However, the number of FoxP3 ϩ cells was decreased. The balance between Th17 and Treg cells mediates T cell activation (35, 36) , and this mechanism plays an important role in modulating T cell activation in hepatitis. The shift in the Th17/Treg balance could contribute to the T cell activation observed in Saa1 TG mice. Regulation of T cell activation by chemokines via CC chemokine receptors on the T cell surface could also contribute to increased T cell activation (37) . Following ConA injection, Saa1 was found to be expressed not only in the liver but also in the spleen. Therefore, Saa1 could have a role in regulating inflammation in both of these tissues. Hence, we suggest that the overexpression of Saa1 might regulate T cell activation by altering chemokine expression or the balance between Th17 and Treg cells.
TLRs play a major role in the innate immune system. They are expressed on immune and non-immune cells. TLR2 has a critical role in mouse hepatitis (38) . In this study, we showed that TLR2-dependent chemokine secretion is regulated by Saa1 and that the role of Saa1 in T cell-mediated hepatitis is TLR2dependent. Further study of the interaction between SAA1 and TLR2 is needed to clarify the role of cross-talk between immune and non-immune cells.
Our in vivo data show that treatment with a TLR2 antagonist decreased the induction of chemokines but did not return chemokine expression to the basal level. Previous studies have shown that Saa1 binds to TLR4, CD36, and FPRL1 (39 -41) . Therefore, the effects of Saa1 overexpression in mice might be mediated by the binding of Saa1 not only to TLR2 but also to other receptors, such as TLR4, CD36, and FPRL1.
In this study, Saa1 was expressed in the livers and spleens of WT mice with ConA-induced hepatitis. The substantial induction of Saa1 during hepatitis was similar to that described in a previous study (5) . We generated Saa1-overexpressing TG mice in which Saa1 was expressed specifically in the liver, as shown in Fig. 1 . Our Saa1 TG mouse model may be useful for studying the role of Saa1 in many diseases.
For the first time, we determined that Saa1 plays a critical role in ConA-induced hepatitis by inducing chemokines and regulating T cell activation in a TLR2-dependent manner. TG mice with liver-specific overexpression of Saa1 may be a useful animal model to study metabolic diseases and other inflammatory diseases. In the future, Saa1 might be a therapeutic target for hepatitis. FIGURE 6. Induction of chemokines by Saa1 is regulated by TLR2-dependent NF-B signaling. A, the expression of MIP1␣ (CCL3) and eotaxin (CCL11) mRNA was detected in the perfused liver of Saa1 TG mice treated with or without 3 mg/kg CU-CPT22 (a TLR2 antagonist) for 16 h. B, phosphorylation of IB␣ in the perfused liver of Saa1 TG mice treated with or without 3 mg/kg CU-CPT22 for 2 h was detected by Western blot analysis. *, p Ͻ 0.05 versus TG control.
